ditionally, the antiviral activity of this chimera was demonstrated in influenza virus and HBV infection mouse models using adeno-associated virus (AAV) vectors as a delivery vehicle. We propose that AAV vectors expressing 2CARD-MAVS200 chimeric protein can reconstitute IFN-β induction and recover a partial antiviral state in different models that do not respond to recombinant IFN-β treatment.
Introduction
Cellular innate immunity is the first line of defense against infections. In higher vertebrates, innate immunity activation results in a coordinated response that relies on a rapid detection of pathogens by pattern recognition receptors (PRRs). PRRs recognize pathogen-specific signatures called pathogen-associated molecular patterns (PAMPs) [1] . PRR activation initiates a direct response against infection through the stimulation of specific signaling pathways, such as those leading to IFN-β induc-tion and the activation of the adaptive arm of the immune response [2] . As a result, the host acquires a refractory state against the infection [3] .
Cytosolic PRRs such as the RIG-I-like receptor (RLR) family play a critical role in the activation of cellular antiviral innate immunity. The RLR family comprises three proteins: retinoic acid inducible gene-I (RIG-I), melanoma differentiation-associated protein 5 (MDA5) and the laboratory of genetics and physiology protein 2 (LGP2). RIG-I, MDA5 and LGP2 can recognize and become activated by RNA species generated during virus replication. RIG-I and MDA5 contain an amino-terminal region composed of two caspase activation and recruitment domains (2CARD), a central RNA helicase domain and a carboxy-terminal regulatory domain [4] . In the absence of PAMP stimulation, RIG-I remains in an inactive closed conformation. Upon binding to the appropriate RNA, a conformational change occurs exposing the 2CARD domain which is dephosphorylated and released from its interaction with the RNA helicase. The 2CARD domain is then free to bind polyubiquitin chains which promote its association with the cytosolic CARD domain of mitochondrial antiviral signaling protein (MAVS) [4] . This interaction determines the stimulation of the IFN-β induction pathway [5] .
Downstream of MAVS, the signaling pathway splits into three branches. TBK1 and/or IKKε can phosphorylate and activate interferon regulatory factor 3 (IRF3) and/or IRF7 [6] . These transcription factors stimulate IFN-β gene transcription as well as several other genes by binding to IRF-binding elements (IRF-E) [7] . Examples of genes with IRF-E elements include IFN-stimulated genes (ISGs) ISG15, ISG54 or ISG56 [8] . MAVS signaling also stimulates the IKKαβγ kinase complex, resulting in the activation of p50/p65 nuclear factor κB (NF-κB) which is essential for IFN-β production and other NF-κB-dependent genes such as CXCL10/IP10 [9] . Finally, the mitogen-activated protein kinase pathway is triggered and stimulates the activator protein 1 (AP1), also involved in IFNB1 gene transcription.
Once transcribed and translated, IFN-β is secreted and binds type I IFN receptor. The type I IFN signaling cascade is triggered by activation of the Jak1 and Tyk2 kinases and phosphorylation of STAT1 and STAT2. These transcription factors recruit IRF9 and form a complex named ISGF3, which translocates to the nucleus and binds DNA elements called IFN-stimulated response elements or ISRE [10] on the promoter of ISGs.
The overall level of virus replication in a cell is determined by the amount of cellular components available for its replication and the activation status of the innate immune system involved in the antiviral response. To counteract the immune response, viruses have evolved mechanisms that block antiviral signaling cascades at various points [11] . Increasing the relative amounts of antiviral proteins commonly targeted by viral antagonists is likely to result in an enhanced antiviral response and subsequent repression of virus replication [12] .
To date, overexpression of chimeras containing key domains that activate IFN-β induction has not been explored. This approach may be especially effective if the designed chimeric protein is more potent than its wildtype (WT) protein counterparts.
In this study, we determine the antiviral potential of RIG-I 2CARD fused to the CARD-PRR region (MAVS200) of MAVS and test its relative antiviral activity in vitro and in vivo. We also explore the antiviral effect of this construct using adeno-associated virus (AAV) vectors in a mouse model of acute influenza virus infection and in a model of chronic infection using HBV transgenic mice.
Materials and Methods
Cells HEK293, 293T, BHK and L929 cells were obtained from ATCC. Statens Seruminstitut rabbit cornea (SIRC) cells used in this study have been described previously [13] . The A549 cells were a kind gift from Dr. Heinrich Hoffmann (Microbiology Department, Icahn School of Medicine at Mount Sinai), the hamster pancreatic carcinoma-derived HaP-T1 cells from Dr. Rubén Hernández-Alcoceba (CIMA, Universidad de Navarra), the woodchuck hepatoma WCH-17 cells from Dr. Michael Roggendorf (Center for Biomedical Biotechnology-Universitat Duisburg Essen) and Huh7.0 cells expressing HCV genome were generated as described previously [14] . STAT1 knockout (KO) and corresponding WT mouse embryo fibroblasts (MEFs) as well as WT and KO IPS1 MEFs have been described previously [15, 16] . Cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated FBS, 2 m M L -glutamine, 50 μg/ml penicillin/streptomycin (all culture reagents from Invitrogen). All the cells were grown at 37 ° C in a 5% CO 2 incubator. Stable 293 Simian virus 5 (SV5) V cells were obtained by transfecting cells with pdlPIV5 V plasmid, kindly donated by Dr. Rick Randall (Biomedical Sciences Research Complex, University of Saint Andrews). Transduced stable cells were selected by maintaining them in Dulbecco's modified Eagle's medium complete media containing 2 μg/ml of puromycin. Resistant cells were maintained in the same media but with 0.25 μg/ml of puromycin.
Reporter Assays IFN-β induction in HEK293T cells was performed as described before using a pGL4.17 mIFN-β firefly (FF) luciferase reporter plasmid [17] , a kind gift from Dr. Juan Ayllon, (Department of Microbiology, Icahn School of Medicine at Mount Sinai). Reporter assay analysis by flow cytometry was performed in the same way but using pIFN-β-GFP [18] and pEGFP-C1-iRFP (Addgene) fluorescence reporter plasmids. Cells were analyzed 18 h after transfection.
Viruses
Sendai virus Cantell strain (SeV) was grown by low-dilution passage (1: 1,000) in 10-day-old embryonated chicken eggs for 2 days. Allantoid fluid was cleared by centrifugation at 10,000 g for 15 min, aliquoted and quick frozen in dry ice and stored at -80 ° C. Relative quantification of viral particles was measured with the hemagglutination assay using 0.5% fresh chicken red blood cells in PBS. Virus stock was made with eggs containing 14 wells of hemagglutination. Cells were infected with approximately 30,000 hemagglutination assay units.
Stock of influenza A/PR/8/34 was grown in MSCK-NS1 cells (a kind gift from Dr. Luis Martínez-Sobrido, Department of Microbiology and Immunology, University of Rochester Medical Center). Two days after inoculation, cell supernatants were collected, cleared by centrifugation at 10,000 g for 15 s, aliquoted and frozen in dry ice. Virus titers were determined by the plaque assay [19] .
VSV(M51R)-GFP was grown in BHK cells. Two days later, cell supernatants were collected, cleared by centrifugation at 10,000 g for 15 s, aliquoted and frozen in dry ice. Virus stock was titrated with the Reed-Muench method [20] in Vero cells.
Recombinant rNDV-F3aa-GFP LaSota virus was rescued in our laboratory as previously described [21] . Virus was grown in 10-day-old embryonated chicken eggs for 2 days. Allantoid fluid was cleared by centrifugation at 10,000 g for 15 s, aliquoted and quick-frozen in dry ice and stored at -80 ° C. Virus was titrated by immunofluorescence using polyclonal sera anti-NDV-LaSota (a kind gift from Dr. Qinshan Gao, Department of Microbiology, Icahn School of Medicine at Mount Sinai).
Immunofluorescence A549 cells were transfected in suspension with 1 μg of the indicated plasmids using Lipofectamine 2000 and seeded (BD Falcon Culture Slides). Cells were washed 18 h later, and fixed with 4% paraformaldehyde in PBS. After 20 min, cells were washed 3 times with PBS for a total of 30 min and then permeabilized with 0.25% of Triton X-100 in PBS for 60 min. Next, cells were blocked with 10% FBS in PBS at room temperature for 30 min. They were then incubated with a primary antibody (M2 FLAG monoclonal antibody-Sigma) diluted 1: 1,000 in blocking buffer or rabbit polyclonal anti-COX IV-mitochondrial loading control (Abcam). Cells were washed 3 times with 0.1% Tween 20 in PBS for a total of 20 min. Next, cells were incubated for 2 h with the Alexa Fluor 555 secondary anti-mouse and Alexa Fluor 488 anti-rabbit antibodies (Life Technologies) diluted 1: 1,000 in PBS. Finally, they were washed 3 times with 0.1% Triton X-100 in PBS for a total of 30 min. Cells were then mounted in 1: 1 glycerol:PBS containing TO-PRO-3 (Life Technologies) following the manufacturer's instructions. Images were taken using a Zeiss Axioplan 2 imaging microscope.
Gene Expression Analysis
Total RNA was isolated with Trizol reagent (Invitrogen) and reverse-transcribed using random primers and Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen) according to the manufacturer's instructions.
For quantitative PCR, cDNA was amplified using iQ SYBR ® Green Supermix according to the manufacturer's instructions in a C1000 thermal cycler (Biorad). The sequence of the primers used is shown in the online supplementary table 1 (for all online suppl. material, see www.karger.com/doi/10.1159/000375262).
Plasmid Construction
Human flag-tagged RIG-I 2CARD and human flag-tagged MAVS were generated by PCR amplification of specific sequences using as a template plasmids bearing RIG-I or MAVS cDNAs and cloning into pCAGGS plasmid previously digested with EcoRI and NheI. The primers used are listed in online supplementary table 1: S-EcoRI-Flag-hCARD211 + 1 and A-STOP-NheI-h2CARD for 2CARD; S-EcoRI-Flag-hMAVS and A-STOP-NheI-hMAVS for full length MAVS and S-EcoRI-Flag-hMAVS and A-STOP-Nhe-MAVS200 for MAVS200. The human fusion protein flag-tagged 2CARD-MAVS200 was generated by overlapping PCR using S-EcoRI-Flag-hCARD211 + 1 and A-2hCARD-KpnI-hMAVS to amplify 2CARD and S-2hCARD-KpnI-hMAVS and A-STOP-Nhe-MAVS200 to amplify MAVS200. pGAGGS human flag-tagged RIG-I construction has been described previously [22] . 2CARD, MAVS and 2CARD-MAVS200 constructs were subcloned into AAV-IFN plasmid by replacing wIFNα5 [23] with the corresponding inserts.
HBcAg Quantification
To analyze HBcAg expression, digital images were acquired with an AxioImager.MI microscope (Zeiss, 20 Germany) using an in-house Metamorph macro (Molecular Devices, USA) that allows capture of randomly located images at ×20 magnification (PlanNeofluar objective, 0.50 na) with automatic focus, white balance and shadow correction on every acquired image. All images were stored in uncompressed 24-bit color TIFF format. Images were automatically analyzed using a plugin developed by Fiji, ImageJ [24] .
Bioassay to Determine Antiviral Activity 293 cells were transfected in suspension with 0.5 μg of plasmids of the corresponding constructs. Twenty-four hours later, supernatants were collected and diluted in 1: 2 dilution series in cell media. Dilutions were transferred onto 96-well plates of Vero cells and incubated for 24 h. Media were removed and replaced with 50 μl of fresh media containing the appropriate dose of NDVF3aa-GFP for a MOI of 1. Virus replication was monitored 18 h later under a fluorescence microscope where the images were collected. GFP intensity was quantified using ImageJ software.
Animals and Treatment
HBV transgenic mouse lineage 1.3.32 (inbred C57BL/6, H-2 b ) was kindly provided by Professor Frank Chisari (The Scripps Research Institute, La Jolla, Calif., USA). HBV transgenic mice encode a 1.3-overlength copy of the HBV genome (serotype ayw), replicate HBV at high levels in the liver and express all of the HBV antigens [25] . HBV transgenic mice were matched for age (10 weeks), sex (female) and serum HBV DNA analysis and hepatitis B surface antigen (HBsAg) levels, as determined by an enzyme-linked immunosorbent assay (ELISA, Bioelisa HBsAg 3.0, Biokit). Mice were bred and maintained under pathogen-free conditions at the animal facility of the University of Navarra (protocol No. 149/10).
Mice were injected intravenously with the abovementioned AAV viruses at doses of 5 × 10 9 , 1 × 10 10 and 5 × 10 10 viral genomes (vg)/mouse. Blood was collected from the retro-orbital plexus, and serum samples were obtained by the recovery of supernatant after the centrifugation of total blood. C57BL/6 female mice, aged 6 weeks, were purchased from Harlan Laboratories (Barcelona, Spain). They received a single intranasal administration of the corresponding AAV viruses at a dose of 10 11 vg/mouse. Three days later, they were anesthetized and infected intranasally with the different amounts of influenza A/ PR/8/34 virus (in 50-μl volumes) indicated below. For the determination of lung virus titers, the mice were euthanized either on day 3 or day 6 after infection. Lungs were homogenized and resuspended in 1 ml of sterile PBS, and the titers were evaluated on MDCK-NS1 cells in the presence of 1.5 μg of TPCK-treated trypsin/ml.
For all procedures, animals were anesthetized by intraperitoneal injection of a mixture of xylacine (Rompun 2%, Bayer) and ketamine (Imalgene 500, Merial) 1: 9 v/v. The experimental design was approved by the Ethical Committee for Animal Testing of the University of Navarra.
FACS Analysis
For flow-cytometry analysis, the 8-color BD FACS Canto II equipped with 488-nm and 633-nm diodes or the 4-color FACS Calibur with two lasers (argon-ion, 488-nm and 635-nm diodes) were used. Cells were analyzed with FlowJo and DIVA software.
Statistical Analysis
Statistical analysis was performed using PRISM version 5.0 (GraphPad). Data are presented as mean ± SD. Comparisons between 2 groups were made using a 2-tailed unpaired t test. Multiple groups were compared using ANOVA followed by a Bonferroni post-test. Statistical significance was assigned to p < 0.001, p < 0.01 or p < 0.05. Mouse survival analysis was performed using the Gehan-Breslow-Wilcoxon test.
Results

Coexpression of MAVS200 with 2CARD Potentiates IFN-β Induction
The interaction between the RIG-I 2CARD domain with the CARD proline-rich domain (CARD-PRD) region of MAVS (MAVS200) has been previously demonstrated [22] . In our studies, we observed that coexpression of these two elements had an enhanced ability to induce the activation of the IFN-β pathway in comparison to the expression of each individual element. To characterize this effect, we tested the ability of MAVS200 to synergize with other MAVS interacting proteins to induce IFN-β in 293T cells. As expected, overexpression of MAVS200 alone failed to stimulate IFN-β induction. Coexpression of MAVS200 together with full-length MAVS had a small but significant effect on MAVS ability to induce IFN-β ( fig. 1 a) . However, coexpression of MAVS200 and RIG-I 2CARD significantly increased the ability of 2CARD to induce the pathway. MAVS200, however, was not able to modify STING ability to induce IFN-β. Next, we analyzed whether MAVS200 could also cooperate in the ability of RIG-I and MDA5 to induce IFN-β. As shown, MAVS200 had a significant cooperative effect on both RIG-I ( fig. 1 b) and MDA5 ( fig. 1 c) . As RIG-I can act as a PRR to detect SeV infection [26] , we tested the ability of MAVS200 to cooperate with RIG-I in the activation of IFN-β induced by SeV infection. In this context, coexpression of RIG-I and MAVS200 did not induce IFN-β; in fact, its expression was slightly diminished ( fig. 1 d) .
Construction and Characterization of a 2CARD-MAVS200 Fusion Protein
Based on the ability of MAVS200 to enhance 2CARD-mediated IFN-β induction, we decided to create a fusion protein bearing RIG-I 2CARD and the first 200 amino acids of MAVS protein ( fig. 2 a) . Protein expression levels in 293T cells transfected with a plasmid containing 2CARD-MAVS200 were comparable to those obtained after transfection of 2CARD or MAVS (data not shown). Next, we analyzed the localization of the three different proteins inside the cell by immunofluorescence. All the proteins showed partial mitochondrial localization in perinuclear areas, MAVS and 2CARD-MAVS200 showed larger areas of intense colocalization with a mitochondrial marker ( fig. 2 b, pointed with white arrows) than 2CARD.
We next compared the ability of the chimeric protein to stimulate IFN-β production with that of MAVS200 or 2CARD. We performed an IFN-β reporter assay by transfecting 293T cells with increasing amounts of plasmids bearing 2CARD alone or 2CARD coexpressed with MAVS200 or with increasing amounts of 2CARD-MAVS 200 ( fig. 2 c) . The fusion protein 2CARD-MAVS200 enhanced IFN-β induction at all concentrations tested in comparison to the coexpression of 2CARD and MAVS200 separately. Additional combinations of MAVS200 and 2CARD with the different construct were analyzed (in online suppl. fig. 1 ) and it was found that maximal induction levels were achieved when 2CARD, MAVS200 and the chimera were coexpressed. Recombinant Newcastle disease virus (NDV-GFP) has been shown to be a sensitive tool to detect IFN-β [27] . We analyzed the capacity of the different molecules to prevent NDV-GFP replication. For this purpose, Vero cells were incubated for 24 h with supernatants of 293 cells previously transfected with MAVS, 2CARD and the 2CARD-MAVS200 plasmid. Vero cells were then infected with NDV-GFP, and GFP expression was analyzed under a fluorescent microscope ( fig. 2 d) . A strong inhibition of GFP expression was observed in Vero cells pretreated with the supernatant obtained from the transfected cells. The amount of GFP in each well was quantified using ImageJ software and plotted. Analysis of the effective dose for each construct was calculated using GraphPad Prism 5. A higher dilution of the supernatant obtained from 2CARD-MAVS200 transfected cells was required to reach an effective inhibition of 50% of GFP expression (i.e. an effective concentration 50 or EC50), indicating the superior ability of this construct to create an antiviral status.
To assess the ability of 2CARD-MAVS200 to induce IFN-β at the single-cell level, we utilized a reporter plasmid expressing GFP under the control of the IFN-β promoter (pIFN-β-GFP). In order to normalize GFP expression, pIFN-β-GFP was cotransfected with a plasmid expressing iRFP protein under the control of the minimal cytomegalovirus promoter. We found that transfection of an empty plasmid or an iRFP-expressing plasmid had negligible IFN-β induction effects ( fig. 2 e) . Cells expressing this reporter system were cotransfected with a plasmid expressing RIG-I 2CARD, MAVS or the fusion 2CARD-MAVS200. Expression of all three constructs lead to induction of the IFN-β promoter as determined by GFP expression. The percentage of IFN-β-GFP within the iRFP population was calculated using a GFP/iRFP ratio ( fig. 2 f) . 2CARD-MAVS200 was able to induce IFN-β more efficiently than 2CARD or MAVS alone in all IFN-β-producing cells, not only in a particular cell subset ( fig. 2 g) .
Next, we analyzed the role of endogenous MAVS in the capacity of the chimeric protein to induce the IFN-β pathway. For this purpose, MAVS-deficient and WT control MEFs were transfected with a control plasmid or 2CARD or the chimeric protein-expressing plasmids, and IFN-β mRNA expression was analyzed by quantitative RT-PCR. MAVS expression was absolutely required for IFN-β induction by 2CARD and 2CARD-MAVS200 ( fig. 2 h) . To further characterize the contribution of MAVS to chimeric protein-mediated signaling, MAVS KO MEFs were cotransfected with the plasmid expressing the chimeric protein together with a plasmid expressing MAVS, and then compared to the ability of 2CARD-MAVS200 to induce IFN-β. IFN-β mRNA levels were significantly higher in the cells cotransfected with both plasmids than with the 2CARD-MAVS200 plasmid alone, indicating that MAVS expression is sufficient to rescue and enhance the IFN-β stimulatory potential of 2CARD-MAVS200 ( fig. 2 i) .
Human 2CARD, MAVS or 2CARD-MAVS Can Induce IFN-β in a Broad Spectrum of Cells from Different Species
Once we had established the potential of the 2CARD-MAVS200 construct to induce IFN-β in 293 cells and their derivate 293T cells, we next decided to explore the ability of this construct to induce IFN-β in various cell lines from different organisms.
We performed IFN-β reporter assays in adenocarcinoma human alveolar basal epithelial A549 cells, murine aneuploid fibrosarcoma L929 cells, SIRC cells, hamster pancreatic carcinoma-derived HaP-T1 cells and woodchuck hepatoma WCH-17 cells. In all cases, all the constructs showed the ability to induce IFN-β. Importantly, the human chimeric 2CARD-MAVS200 exhibited a significantly higher potential to induce the pathway when compared to RIG-I 2CARD or full-length MAVS in all cell lines ( fig. 3 ).
2CARD-MAVS200 Induces the Transcription of Antiviral Genes in a Type I IFN-Independent Manner
Several antiviral genes do not require IFN signaling to be transcribed [8] . These genes have IRF-E DNA elements and are transcribed in response to IRF activation. Thus, signals that trigger IFN-β induction and IRF3/IRF7 activation would induce transcription of antiviral genes (although this transcription can be further enhanced by type I IFN signaling).
In order to verify that 2CARD, MAVS or 2CARD-MAVS200 could act at the first stage of this process and induce antiviral genes in a type I IFN-independent way, we used STAT1 KO MEFs ( fig. 4 a) . As a control, we used the corresponding WT MEFs. As expected, WT MEFs but not STAT1 KO MEFs responded to IFN-β treatment by inducing transcription of the ISG genes tested. IFN-β induction occurred when 2CARD-MAVS200 was transfected into STAT1 KO cells as ex-pected. 2CARD-MAVS200 was also able to directly induce the transcription of genes like viperin, IFIT1 or IP10 (CXCL10) in STAT1 KO MEFs. However, in the absence of STAT1, 2CARD-MAVS200 was not able to induce the type I IFN signaling cascade-dependent genes such as Mx1, OAS2 or TRIM21. Similar results were obtained after transfection of 2CARD and MAVS constructs (data not shown).
We also studied the effect of overexpressing the IFN-β-inducers in scenarios where viral antagonistic proteins of the type I IFN system were present. We chose three representative viral antagonist effectors, hepatitis C virus (HCV) NS3-4a protein, influenza virus NS1 protein and SV5 V protein.
HCV is known to block IFN-β induction by the use of its NS3-4a protease, which cleaves MAVS [28] . In fact, Huh7.0 cells expressing the HCV genome [14] are deficient in their ability to induce IFN-β in response to an RLR stimulus such as intracellular polyinosinic: polycytidylic acid (polyI:C) in comparison to Huh7.0 control Influenza A/PR/8/34 virus NS1 protein has been widely described as a potent inhibitor of IFN-β induction [3] [4] [5] through its ability to inhibit the RIG-I/MAVS interaction. We sought to determine whether the 2CARD-MAVS200 construct has the ability to overcome the NS1 blockade of RIG-I-mediated signaling in response to SeV infection. NS1 expression clearly blocked the ability of RIG-I overexpression to induce IFN-β (approx. 2.4 times), while it only partially blocked (approx. 2.4 times) 2CARD-MAVS200-mediated IFN-β induction ( fig. 4 c) . Furthermore, as expected, NS1 overexpression blocked IFN-β production induced by SeV infection. However, only a partial NS1-mediated inhibition was observed when cells overexpressing RIG-I (approx. 2.5 times) were infected with SeV. SeV infection did not increase IFN-β production in cells overexpressing 2CARD-MAVS200. However, 2CARD-MAVS200 was able to maintain the activation of the pathway in the presence of NS1, which only inhibited 2CARD-MAVS200 activity two times. SeV infection was unable to enhance the activation of the pathway in cells overexpressing NS1 plus 2CARD-MAVS200, highlighting the ability of NS1 to inhibit endogenous RIG-I activation, but only partially inhibit 2CARD-MAVS activation. Many viruses have developed potent antagonistic proteins to block type I IFN effects by hijacking or degrading elements of the type I IFN signaling cascade. SV5 V protein, for example, has been reported to bind and degrade STAT1 [29] . We hypothesized that RIG-I, MAVS or 2CARD-MAVS200 could partially recover the ability of these cells to create an antiviral state through the induction of antiviral genes, the transcription of which does not require type I IFN signaling. IFN-β treatment of stable 293 cells expressing SV5 V protein (293V) failed to induce MxA and OAS2 expression in comparison to the parental 293 cells ( fig. 4 d) . As expected, these cells could express IFN-β and ISG56 genes in response to the transfection of a plasmid containing 2CARD-MAVS200 but not type I IFN signaling-dependent genes such as MxA or OAS2, as we observed with STAT1 KO MEFs. Since some of the genes induced by 2CARD-MAVS200 in 293V can act as direct antiviral genes, we explored whether this induction could be sufficient to partially block replication of a recombinant VSV-GFP virus. Cells were transfected with a control plasmid or plasmids expressing 2CARD, MAVS or 2CARD-MAVS200. One day after transfection, cells were infected with rVSV-GFP at an MOI of 0.001. Twenty-four hours later, we took images of cells and titrated cell supernatants. Cells expressing 2CARD, MAVS or 2CARD-MAVS200 could partially block VSV replication ( fig. 4 e,  f) , highlighting the contribution made by IRF-E antiviral genes induced by the IFN-β induction cascade to antiviral innate immunity.
Gene Transfer Delivery of 2CARD-MAVS200 by Recombinant AAV Can Protect Mice from Influenza Virus Infection
Recombinant AAV vectors have been shown to be an effective method for delivering therapeutic genes in vivo. We developed three different AAVs expressing RIG-I 2CARD, MAVS or 2CARD-MAVS. Transgenes were subcloned into the AAV vector backbone under an elongation factor 1 promoter (EF1), and recombinant viruses were produced. We tested the antiviral activity of rAAV8-EF1-RIG-I 2CARD, rAAV8-EF1-MAVS or rAAV8-EF1-2CARD-MAVS200 in mice infected with influenza virus. As a control, we used rAAV8 virus expressing FF luciferase.
We first tested whether systemic administration of the different viruses had any effect on the animals. C57BL/6 mice (n = 6) were treated by intravenous injection with 3 doses of each virus, 5 × 10 9 , 1 × 10 10 or 5 × 10 10 vg/ mouse, rAAV8-EF1-2CARD, rAAV8-EF1-MAVS or rAAV8-EF1-2CARD-MAVS200 and AAV-EF-Luc was used as control. Type I IFN production and the potential hematological effect associated with it were analyzed in all the groups [30] . No IFN expression was detected in the serum of the different groups on days 3, 7 or 15 (data not shown). No sign of disease or hematologic toxicity was observed for the 2 months that the animals were monitored.
Next, we analyzed the antiviral effect of the vectors after intranasal administration. We administered the therapeutic vectors at a dose of 10 11 vg/mouse in a volume of 50 μl, using AAV8-FF-luciferase as a control and to monitor transgene expression. The expression of luciferase in the lungs of infected animals was monitored and a high level of expression was observed at day 3 (data not shown). As a result, mice were challenged with influenza virus at day 3 after AAV inoculation.
Animals were intranasally challenged with influenza A/PR/8/34 at 10 4 pfu/animal and sacrificed at days 3 and 5 after infection in order to analyze lung histology ( fig. 5 a; online suppl. fig. 2 ), viral titers ( fig. 5 b) and gene Gene transfer delivery of 2CARD-MAVS200 into lungs of mice using an AAV vector can protect mice from influenza virus infection. a Six-week old female C57BL/6 mice were intranasally inoculated with 1 × 10 11 vg/mouse of rAAV8-EF1 viruses expressing luciferase, RIG-I 2CARD, MAVS or 2CARD-MAVS200 constructs and infected 3 days later with 10 4 pfu/mouse of influenza A/PR/8/34. Lung histology was analyzed 3 days after influenza virus infection by hematoxylin eosin staining (HE). b Influenza viral titers in lungs at days 3 and 5 after infection with the influenza virus. c Survival plot graph of animals infected with influenza: 6-week-old c57BL/6 females received 1 × 10 11 vg/mouse of rAAV8-EF1-2CARD, MAVS or 2CARD-MAVS200 and 3 days later, were infected with 5 × 10 2 pfu/animal of influenza A/PR/8/34. qRT-PCR quantification of expression levels of influenza M1 gene ( d ), IFNB1 ( e ), Mx1 ( f ) and MHC-II ( g ) at days 3 and 5 after infection. * p < 0.05, ** p < 0.01, *** p < 0.001, for all panels of the figure. 5 d-g; online suppl. fig. 3 ). We observed moderate signs of infiltration at day 3 in the animals treated with AAV8-2CARD, and this was more marked in the AAV8-2CARD-MAVS200 group. Extensive infiltration was observed in all animals infected at day 5 but no differences among groups were detected at this time point (online suppl. fig. 2 ). Influenza virus replication was significantly inhibited in mice transduced with AAV-EF1-2CARD-MAVS200 in comparison to the control group. At day 5, viral titers were one log lower in the 2CARD-MAVS200-treated group than in control animals. No difference between groups was observed at day 3 ( fig. 5 b) . The treatment effect on animal survival was also analyzed. Animals received an intranasal dose of 10 11 vg of the corresponding AAV. Three days later, the mice were challenged with influenza at a dose of 5 × 10 2 pfu/animal and the survival of the animals was monitored every day for 2 weeks ( fig. 5 c) . Animals treated with AAV8-2CARD-MAVS200 presented a significant difference in survival from the mice that received AAV8-FF-luciferase. Mice that received RIG-I 2CARD or MAVS showed a small but no significant effect in survival when compared to the control group.
The levels of viral mRNA were measured by qRT-PCR specific for influenza M1 gene in the lungs of the infected animals. No significant differences were observed at day 3, but at day 5, in correlation with viral titers, viral gene expression was lower in the animals treated with the chimera ( fig. 5 d) . A significant increase in IFN-β mRNA expression was detected in animals treated with the different constructs at day 3 but no difference was observed at day 5 ( fig. 5 e) . We then examined the type I IFN signature by analyzing Mx1 and MHC-II expression ( fig. 5 f, g ). Expression of these genes was significantly higher at day 5 in the animals treated with AAV expressing the chimera in comparison to the other groups, correlating with a stronger antiviral effect. No significant differences in the expression of IRF-E genes such as viperin, IFIT1, IFNL or IP10 were observed. A small but significant increase in TNF-α expression was observed at days 3 and 5 in the animals treated with AAV-2CARD-MAVS200 (online suppl. fig. 3 [31] . Effective therapies are associated with reduced viremia or reduced detection of viral antigens such as core protein (HBcAg). We aimed to study whether 2CARD-MAVS-200 could influence HBV replication in these animals.
AAV8-EF1-2CARD-MAVS200 was intravenously injected in HBV Tg mice and animals were monitored for HBV genome levels in the blood. We detected a 10-fold reduction in the amount of HBV genomes as early as 2 days after administration of 5 × 10 10 vg/mouse of AAV8-2CARD-MAVS200 ( fig. 6 a) . However, this initial reduction had disappeared by day 7. In order to confirm that the effect of this drop at day 2 was due to an antiviral effect in mouse hepatocytes, we analyzed levels of HBcAg in the livers of the treated animals by immunohistochemistry. Mice received a dose of AAV as previously described and were sacrificed 2 days later. Animals treated with AAV8-2CARD-MAVS presented a significant reduction in the amount of cytoplasmic core protein in hepatocytes compared to a control group treated with AAV8-2CARD-luciferase or untreated mice. Expression of the transgenes was verified by qRT-PCR ( fig. 6 b) .
Liver extracts and serum samples were analyzed in an attempt to detect IFN-β, but we failed to see protein expression at this time point. Furthermore, IFN-β and IFN-λ mRNA could not be detected in the liver by qRT-PCR analysis, and IFN-α expression was very low and remained unchanged after the treatment (online suppl. fig. 4 ). However, an increase in the expression of IFNstimulated genes such as Mx1 ( fig. 6 c) or MHC-II ( fig. 6 d) could be detected in the liver extract 2 days after vector administration. Expression of 2CARD-MAVS200 ( fig. 6 e) and luciferase ( fig. 6 f) was confirmed by qRT-PCR in the liver of AAV-treated animals.
Discussion
Viruses employ a multitude of strategies to avoid the induction of type I IFN and to evade its antiviral effects [11] . Many studies have identified and described these viral antagonistic mechanisms and many efforts have been oriented towards the development of drugs to overcome the inhibitory effects. Here, we propose a new strategy based on the expression of a chimeric protein 2CARD-MAVS200 (2CARD domain of RIG-I fused to a downstream interacting protein fragment, the first 200 amino acids of the protein MAVS).
To our knowledge, the 2CARD-MAVS200 chimera is the first artificial construct with an increased ability to induce IFN-β as compared to the corresponding in-dividual chimeric components of the RIG-I signaling pathway. Although other chimeric constructs that enhance type I IFN signaling have been tested [32] , this is the first chimera that can stimulate the IFN-β induction pathway, mimicking RLR-dependent induction. This chimeric construct fuses two domains that normally interact during activation of the IFN-β pathway. MAVS200 contains a CARD domain and a PRR domain. MAVS CARD has two polar surfaces which are predicted to mediate homotypic CARD:CARD protein interaction [33] . This domain has been proven as necessary and sufficient to bind RIG-I 2CARD, and also to trigger the formation of prion-like structures, the formation of which seems to be important for the optimal activation of the pathway [34, 35] . The PRR domain is a prolineenriched section with several consensus binding sites for proteins of the TRAF family. TRAF2, TRAF3 and TRAF6 have been shown to bind to MAVS within this PRR domain [6, 36] . Overexpressing 2CARD-MAVS200 can bypass at least two required steps for the activation of IFN-β expression. First, expression of 2CARD-MAVS200 introduces RIG-I 2CARD in an already ac- tive conformation, bypassing the requirement for RIG-I conformational change, second, it is presented already bound to MAVS2000, and finally, overexpression of MAVS200 may contribute to formation of MAVS prion-like structures together with endogenous MAVS. This increased efficiency of signaling events may explain the higher percentage of cells inducing IFN-β ( fig. 2 e-g ). We also found that the mechanism to induce IFN-β induction pathway by the chimera is dependent on full-length MAVS, which is necessary ( fig. 2 h) and sufficient ( fig. 2 i) to achieve the properties of 2CARD-MAVS200.
Furthermore, human RIG-I 2CARD, MAVS or 2CARD-MAVS200 seem to retain a pan-specific ability to trigger IFN-β signaling in different species. This behavior points to a conserved activation mechanism, which may not require species-specific regulatory events.
Interestingly, in the absence of type I IFN signaling, 2CARD-MAVS200 can create an antiviral state. As we show here, the antiviral proteins viperin [37] and IFIT1 [38] are induced by the chimera in the absence of type I IFN signaling ( fig. 4 ). Other genes induced by 2CARD-MAVS200, independent of type I IFN signaling, are potent inducers of the immune system, such as the chemokine IP10/CXCL10 [39] . Induction of these genes as well as the lack of induction of many other ISG indicates, however, that an IFN signaling antiviral program is required for a full antiviral response.
This construct has several interesting properties, including the induction of high levels of IFN-β and the ability to stimulate the IFN-β pathway in a high percentage of cells even in the absence of external stimuli. This chimera also exhibits a superior ability to overcome (at least in part) viral restrictions mediated by HCV proteins, influenza virus NS1 protein and SV5 V proteins in comparison to other inducers. Furthermore, 2CARD-MAVS200 was delivered into mice using a recombinant AAV vector and its therapeutic activity was tested against influenza virus and HBV.
Several diseases including cancers and chronic viral infections can be treated with recombinant type I IFN [25] . In some cases, this treatment is ineffective, in part, due to the refractory response by the tumor or the infected tissue. This lack of response can be attributed to mutations in genes that control the pathway or disruption of type I IFN signaling by viral antagonistic elements. Our results show that overexpression of 2CARD-MAVS200 may activate a program that recapitulates, at least in part, some of the effects induced by type I IFN signaling.
We explored the possibility of using rAAV expressing 2CARD, MAVS or 2CARD-MAVS200 in vivo in acute and chronic viral infection mouse models. Constitutive expression of 2CARD, MAVS or 2CARD-MAVS200 under the transcriptional control of the elongation factor 1α promoter (EF1) resulted in an efficient but modest activation of an antiviral program. No expression of IFN-β could be detected in the blood after 2 days, although the signature of type I signaling was shown by the detection of the expression of ISG genes inside the transduced organs. The transient nature of antiviral signaling induced by 2CARD, MAVS or 2CARD-MAVS200 could be explained by the activation of various negative regulatory mechanisms known to turn off IFN signaling [22, 40] .
An alternative strategy which may bypass the shut-off of antiviral signaling could involve transient expression of the transgene under the control of an inducible promoter. Deregulation of repressive mechanisms could also potentiate the length or strength of the response. Phosphorylation of RIG-I 2CARD is used by the cell to maintain steady-state inactivated RIG-I. Mutation of phosphorylation sites of RIG-I 2CARD to alanine have been shown to bypass the negative regulatory mechanisms.
We hypothesize that 2CARD-MAVS200 functions as an inducer of endogenous MAVS signaling platforms at the surface of the mitochondria, recapitulating RIG-I 2CARD:MAVS interaction and activation. This tool can be used to reconstitute defective IFN-β activation in pathogenic scenarios. Further studies are needed to characterize the specific immunostimulatory properties of this chimeric protein.
